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Mesoporous  polyaniline/anatase  Ti02  composite  microspheres  with  the  core-shell  structure  for  lithium- 
ion  battery  applications  are  prepared  via  a  facile  hydrothermal  route.  The  structure  of  as-prepared  sample 
is  characterized  by  electron  microscopy  (TEM),  and  scanning  electron  microscopy  (SEM),  X-ray  diffrac¬ 
tion  (XRD),  and  Brunauer-Emmett-Teller  (BET)  surface  area.  It  is  suggested  that  the  formation  of  the 
core-shell  structure  can  be  designated  as  a  two-step  assembly  process  induced  by  the  polymerization 
of  the  aniline.  The  electrochemical  tests  demonstrate  that  the  discharge  capacity  of  the  as-prepared 
polyaniline/anatase  Ti02  microspheres  can  be  stably  retained  at  157.1  mAhg-1  after  50th  cycle  at  the 
high  current  density  of  1500mAg_1.  The  high  rate  performance  of  the  as-prepared  sample  at  various 
current  densities  from  200  to  2000  mAg-1  is  also  investigated.  The  discharge  capacity  of  123.9  mAh  g-1 
can  be  obtained  at  the  high  current  density  of  2000  mA  g-1 ,  which  is  about  73.4%  of  that  at  the  low  current 
density  of  200  mAg-1  upon  cycling,  indicating  that  the  as-prepared  sample  can  endure  great  changes  of 
various  current  densities  to  retain  a  good  stability  due  to  the  core  shell  mesoporous  structure. 
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1.  Introduction 

Rechargeable  lithium-ion  batteries  play  an  important  role  in 
portable  electronic  devices,  electric  vehicles  (EVs)  and  hybrid  elec¬ 
tric  vehicles  (HEVs).  Safety  is  one  of  primary  concerns  in  such 
applications  of  lithium-ion  batteries  (LIBs),  especially  for  automo¬ 
bile  applications  [1].  Among  those  safe  alternatives  for  graphite 
anode,  titanium  compounds,  such  as  Ti02  and  Li4Ti50i2,  are  of  par¬ 
ticular  interest  due  to  a  relatively  high  operation  potential  around 
1.5  V  (vs.  Li+/Li)  to  avoid  the  deposition  of  metallic  lithium  and  the 
decomposition  of  organic  electrolyte  during  the  electrochemical 
discharge/charge  process  [2-5].  Meanwhile,  in  order  to  enhance 
the  power  density  of  LIBs,  electrode  must  possess  an  excellent  high 
rate  capability  based  on  nanocrystalline  active  materials  due  to 
short  diffusion  lengths  for  electrons  and  lithium  ions,  and  as  well  as 
increased  reaction  active  sites  [  1 ,6].  In  recent  decades,  the  introduc¬ 
tion  of  nanocrystallites  into  the  electrode  active  materials  for  LIBs 
has  attracted  great  interest.  Furthermore,  to  meet  requirements  in 
the  practical  electrode  production,  micron-sized  spherical  materi¬ 
als  should  be  more  favorable  based  on  their  advantages  of  excellent 
flowability,  easily  loading  and  high  packing  density  [2,7,8].  In  such 
microspherical  active  materials,  a  core-shell  hierarchical  architec¬ 
ture  is  also  demonstrated  to  be  superior  to  provide  a  buffer  layer 
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to  accommodate  the  volume  expansion  of  the  electrode  during 
the  discharge  and  charge  processes  [9-13].  Moreover,  mesoporous 
Ti02  materials  with  the  high  packing  density  is  demonstrated 
recently  to  present  a  superior  electrochemical  lithium  storage  per¬ 
formance  as  compared  with  commercial  Ti02  nanoparticles  [2]. 
Therefore,  it  is  necessary  to  prepare  microspheres  assembled  with 
nanocrystallites  to  form  three-dimensional  channels  with  meso¬ 
porous  and  core-shell  hierarchical  architecture. 

In  this  work,  polyaniline/anatase  Ti02  micropsheres  with 
core-shell  structure  are  prepared  via  a  facile  one-step  hydrother¬ 
mal  route,  herein  Ti02  nanocrystallites  present  an  excellent  high 
rate  capability,  and  the  amorphous  polymer  layer  on  Ti02  nanocrys¬ 
tallites  can  provide  a  buffer  layer  to  ensure  the  cycle  stability 
[6,14,15].  Thus,  the  excellent  performance  can  be  expected  for  the 
as-prepared  polyaniline/anatase  Ti02  microspheres. 

2.  Experimental 

2.1.  Preparation  and  characterization 

Titanium  precursor  solution  was  prepared  by  dissolving 
Ti0S04-2H20  (chemical,  6.26  g)  in  H20  (120  mL).  In  a  typi¬ 
cal  process  for  synthesizing  polyaniline/Ti02  microspheres  with 
core-shell  structure,  aniline  (analytical,  0.1  mL)  was  dissolved  in 
ethanol  (25  mL),  and  then  added  into  Ti0S04  solution  (15  mL) 
with  FeCl3-6H20  (analytical,  0.3  g)  under  stirring.  After  the  mixed 
solution  turned  clear,  the  resultant  solution  was  transferred  into 
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a  Teflon-lined  autoclave  (55  mL)  and  treated  at  140  °C  for  6h. 
The  obtained  precipitates  were  washed  with  distilled  water  and 
ethanol,  and  dried  under  vacuum  at  60  °C.  To  investigate  the  forma¬ 
tion  mechanisms  of  composite  microspheres,  a  synthesis  reaction 
without  FeCl3  -6H20  as  catalyst  was  also  carried  out  under  the  same 
condition  to  obtain  blank  sample  (designated  as  blank  Ti02).  In 
order  to  obtain  Ti02  microspheres,  the  obtained  polyaniline/Ti02 
composite  microspheres  was  calcined  at  500  °C  for  3  h  with  a  rate 
of  2 1<  min-1  in  a  muffle  furnace  in  air. 

The  as-prepared  sample  was  characterized  by  Fourier  transform 
infrared  (FTIR,  BIO-RAD  FTS6000)  spectra,  X-ray  diffraction  (XRD, 
RIGAKU  D/max-2500),  Brunauer-Emmett-Teller  (BET,  ASAP  2020) 
measurements,  scanning  electron  microscopy  (SEM,  HITACFII  S- 
4800),  and  transmission  electron  microscopy  (TEM,  FEI  Tecnai  20). 

2.2.  Electrochemical  measurements 

The  working  electrode  was  prepared  by  compressing  a 
mixture  of  active  materials,  acetylene  black,  and  binder 
(poly(tetrafluoroethylene,  PTFE)  in  a  weight  ratio  of  80:15:5. 
The  weight  of  working  electrodes  is  about  3  mg.  Lithium  metal 
was  used  as  the  counter  and  reference  electrodes.  The  electrolyte 
was  LiPF6  (1  M)  dissolved  in  a  mixture  of  ethylene  carbonate  (EC), 
ethyl  methyl  carbonate  (EMC)  and  dimethyl  carbonate  (DMC) 
with  a  volume  ratio  of  1:1:1.  The  galvanostatic  method  at  the 
different  charge/discharge  current  densities  of  200,  500,  1000, 
1500  and  2000  mAg-1  was  employed  to  measure  the  electro¬ 
chemical  capacity  and  cycle  life  of  the  working  electrode  at  room 
temperature  using  a  LAND-CT2001A  instrument.  The  cut-off 
potentials  for  charge  and  discharge  were  set  at  2.5  and  1.0  V  (vs. 
Li+/Li),  respectively.  The  cyclic  voltammetery  (CV)  experiment  was 
conducted  using  a  CHI  600A  potentiostat  at  various  scan  rates. 
The  electrochemical  impedance  spectra  (EIS)  were  recorded  in  the 
frequency  range  from  1 00  kEIz  to  1 0  mEIz  at  5  mV  of  the  amplitude 
of  perturbation  by  using  an  IM6e  electrochemical  workstation 
(ZAHNER).  All  electrochemical  measurements  were  carried  out  at 
room  temperature. 

3.  Results  and  discussion 

Polyaniline/Ti02  core-shell  composite  microspheres  can  be 
obtained  just  by  hydrothermal  treating  the  mixing  solution  of 
TiOS04  and  aniline  with  Fe3+  as  catalyst.  The  formation  of  anatase 
Ti02  and  polyaniline  can  be  confirmed  from  FTIR  spectra  and 
XRD  patterns  shown  in  Fig.  1.  The  FTIR  spectra  of  the  core-shell 
composite  microspheres,  as  shown  in  Fig.  la,  presents  four  char¬ 
acteristic  peaks  at  1141.8  cm-1  (C-H  plane-bending  vibration), 
1307.7  cm-1  (C-N  stretching  vibration),  1504.4  cm-1  (benzenoid 
ring  stretching  mode),  and  1577.7  cm-1  (quinoid  ring  stretching 
mode),  respectively,  for  identifying  the  existence  of  polyaniline  in 
the  nanocomposites  [16-21].  For  the  blank  Ti02,  the  characteristic 
peaks  of  polyaniline  cannot  be  observed,  and  the  bands  appear¬ 
ing  between  1700  and  1000  cm-1  can  be  attributed  to  the  Ti02 
and  trace  aniline  adsorbed.  The  difference  between  the  core-shell 
composite  and  the  blank  sample  further  confirmed  the  generation 
of  polyaniline  via  an  oxidative  polymerization  process.  It  is  worth 
noted  that  there  is  the  obvious  band  appearing  around  1050  cm-1 
for  both  the  as-prepared  polyaniline/anatase  Ti02  microspheres 
and  the  blank  Ti02,  which  is  designated  as  the  split  peak  of  C-FI 
plane-bending  vibration,  and  this  indicates  the  strong  interaction 
between  nanocrystalline  Ti02  and  aniline  monomer  or  polyani¬ 
line  [18].  XRD  patterns  of  the  as-prepared  polyaniline/anatase  Ti02 
microspheres  and  the  blank  Ti02  are  given  in  Fig.  lb.  All  the  peaks 
can  be  indexed  as  the  anatase  phase,  and  there  is  no  difference 
between  the  core-shell  composite  and  the  blank  sample.  Flow- 


Fig.  1.  (a)  FTIR  spectra  and  (b)  XRD  patterns  of  the  as-prepared  polyaniline/anatase 
Ti02  microspheres  and  the  blank  Ti02  (dashed  line);  (c)  TGA  plot  of  the  as-prepared 
polyaniline/anatase  Ti02  microspheres. 


ever,  the  polyaniline  in  the  core-shell  composite  microspheres  is 
not  detected  due  to  its  amorphous  state  [21].  By  calculating  from 
Scherrer’s  formula,  the  crystallite  sizes  for  the  core-shell  composite 
and  the  blank  Ti02  are  13.0  and  13.2nm.  Different  from  previ¬ 
ous  report  [15],  it  is  obvious  that  the  growth  of  nanostructured 
Ti02  is  not  restricted  by  the  polyaniline  in  the  core-shell  compos¬ 
ite  microspheres,  indicating  that  the  generation  of  nanocrystalline 
Ti02  is  a  faster  process.  Thus,  it  is  believed  that  the  genera¬ 
tion  of  nanocrystalline  Ti02  and  the  polymerization  of  aniline  are 
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Fig.  2.  SEM  and  TEM  images  of  the  as-prepared  polyaniline/anatase  Ti02  microspheres  (a,  b,  d  and  e),  the  blank  Ti02  (c  and  f)  and  the  Ti02  microspheres  (g  and  h). 


multistep  processes  and  the  formation  of  the  core-shell  compos¬ 
ite  microspheres  may  be  a  two-step  assembly  process.  Based  on 
the  TGA  analysis  of  the  as-prepared  composite  microspheres,  the 
amount  of  polyaniline  in  the  composite  is  approximately  calculated 
to  be  about  9  wt%,  as  the  decomposition  temperature  of  polyaniline 
in  air  mainly  ranges  from  500 1<  to  800  K  [22]. 

To  reveal  the  microstructure  of  the  as-prepared  microspheres 
and  the  blank  Ti02,  representative  SEM  and  TEM  images  are  shown 
in  Fig.  2.  From  SEM  images,  the  as-prepared  microspheres  with  typ¬ 
ical  size  of  about  1-2  pan  are  spherical  aggregates  assembled  with 
primary  nanocrystallites  (Fig.  2a  and  b).  Moreover,  the  core-shell 
nature  of  the  as-prepared  sample  is  clearly  observed  from  par¬ 
tially  broken  microspheres  in  Fig.  2b.  Further  insight  into  the 
microstructure  of  polyaniline/anatase  Ti02  microspheres  can  be 
seen  from  TEM  images  (Fig.  2d  and  e).  It  is  apparent  that  the 
as-prepared  sample  is  fabricated  with  a  clear  core-shell  hierar¬ 
chical  architecture  according  to  the  significant  difference  between 
the  shell  and  the  dark  core  region  due  to  the  thickness  contrast. 
The  measured  shell  thickness  is  about  150nm,  assembled  with 
nanocrystallites.  After  the  calcination  at  500  °C,  the  core-shell 
structure  is  well-retained  for  Ti02  microspheres,  and  the  loose 
aggregates  of  nanocrystalline  Ti02  are  also  can  be  clearly  observed 
illustrated  in  Fig.  2g  and  h.  For  the  blank  Ti02  sample,  only  the  hol¬ 


low  nature  can  be  distinctly  verified  from  SEM  and  TEM  images 
as  shown  in  Fig.  2c  and  f.  The  mesoporous  structure,  induced  by 
the  relatively  loose  aggregate  of  titania  nanocrystallites,  is  fur¬ 
ther  characterized  by  the  N2  adsorption-desorption  isotherms 
with  the  corresponding  pore  size  distribution  as  given  in  Fig.  3. 
The  type-IV  isotherm  with  a  clear  capillary  condensation  step 
of  the  as-prepared  sample  indicates  the  presence  of  mesoporous 
structure  [23,24].  It  is  also  demonstrated  from  the  desorption 
branches  of  the  isotherm  that  the  as-prepared  polyaniline/Ti02 
microspheres  have  well-defined  mesopores  centered  at  4.5  nm,  and 
the  large  specific  surface  area  of  about  187  m2  g-1  is  obtained  for 
the  polyaniline/Ti02  microspheres.  Obviously,  such  mesoporous 
microspheres  with  the  core-shell  hierarchical  architecture,  assem¬ 
bled  with  Ti02  nanocrystallites,  are  beneficial  to  the  fast  transport 
of  solvated  electrolyte  and  lithium  ions  throughout  electrode  mate¬ 
rials. 

As  mentioned  above,  the  polymerization  of  aniline  and  the 
generation  of  nanocrystalline  Ti02  are  the  interrupted  two-step 
process.  It  should  be  emphasized  here  that  there  are  strong  inter¬ 
actions  between  the  aniline  and  nanocrystalline  Ti02,  and  thus 
the  producing  of  a  solid  core  may  be  driven  by  the  he  polymer¬ 
ization  of  the  aniline.  Accordingly,  a  schematic  representation  for 
the  as-prepared  samples  is  given  in  Fig.  4.  As  illustrated,  nanocrys- 
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Fig.  3.  N2  adsorption-desorption  isotherms  and  corresponding  pore  size  distribu¬ 
tion  (inset)  of  the  as-prepared  polyaniline/anatase  Ti02  microspheres. 


Fig.  5.  Cyclic  voltammograms  of  the  as-prepared  polyaniline/anatase  Ti02  micro¬ 
spheres  at  different  scan  rates. 


talline  Ti02  is  generated  gradually  in  hydrothermal  reaction  of 
the  TiOS04  solution,  and  assembled  subsequently  to  form  hollow 
microspheres.  In  the  reaction  system  of  polyaniline/Ti02  micro¬ 
spheres,  the  oxidative  polymerization  of  the  aniline  with  FeCl3 
proceed  before  the  generation  of  the  hollow  shell,  and  can  produce 
the  solid  core  with  encapsulated  anatase  Ti02,  thus  leading  to  the 
formation  of  the  core-shell  structure. 

For  potential  battery  application,  the  electrochemical  perfor¬ 
mance  of  the  as-prepared  polyaniline/Ti02  core-shell  composite 
microspheres  is  investigated.  Cyclic  voltammograms  (CVs)  of  the 
as-prepared  sample  at  different  scan  rates  are  illustrated  in  Fig.  5. 
After  the  initial  two  cycles,  a  pair  of  redox  peaks  can  be  observed 
at  1.71  and  1.98  V  (vs.  Li/Li+)  at  a  scan  rate  of  0.1  mVs-1.  These 
peaks  correspond  to  the  insertion  and  extraction  of  lithium  ion 
in  anatase  Ti02  [25-27],  which  can  still  be  clearly  observed  at 
the  high  scan  rate  of  2  mV  s-1 .  Different  from  previous  reports, 
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Fig.  4.  Schematic  representation  of  the  formation  of  the  as-prepared  polyani¬ 
line/anatase  Ti02  core-shell  microspheres  and  Ti02  hollow  microspheres  (blank 
Ti02). 


there  is  a  trace  peak  appearing  around  2.2  V  (vs.  Li/Li+)  during  the 
cathodic  process  at  higher  scan  rates,  which  can  be  attributed  to 
the  lithium  ion  doping  in  the  polyaniline  [28,29].  The  lithium  ion 
doping  process  in  the  polyaniline  on  the  surface  may  be  favorable 
for  the  subsequent  lithium  ion  insertion  process  in  the  Ti02  lattices, 
and  this  can  contribute  to  the  high  discharge  performance  of  the 
core-shell  composite  microspheres.  The  discharge-charge  curves 
of  the  polyaniline/Ti02  microspheres  at  the  high  current  density 
of  1500mAg-1  are  presented  in  Fig.  6a.  The  initial  discharge  and 
charge  capacities  of  the  core-shell  microspheres  are  about  241.2 
and  190.8  mAh  g-1,  respectively.  The  relatively  low  columbic  effi¬ 
ciency  in  the  first  cycle  is  usually  attributed  to  the  existence  of 
irreversible  Li  trapped  sites  and  a  trace  of  adsorbed  water,  which 
is  a  general  phenomenon  for  porous  nanomaterials  [24-26].  After 
50th  cycle,  the  discharge  capacity  of  the  polyaniline/Ti02  micro¬ 
spheres  can  be  stably  retained  at  about  157.1  mAhg-1  at  the  high 
current  density  of  1500mAg-1.  In  the  case  of  Ti02  microspheres 
(Fig.  6b),  the  initial  discharge  capacity  of  Ti02  microspheres  is 
about  174.1  mAhg-1  at  the  current  density  of  1500mAg-1,  and 
the  capacity  is  about  121.2  mAhg-1  after  50  cycles.  The  improved 
cycle  performance  of  as-prepared  composite  microspheres  can 
be  attributed  to  the  synergistic  effect  of  the  polyaniline  matrices 
and  nanocrystalline  active  Ti02  as  discussed  above.  The  introduc¬ 
ing  of  polyaniline  is  favor  to  keep  the  electrode  structure  stable. 
Meanwhile,  the  lower  potential  polarization  of  polyaniline/Ti02 
microspheres  is  observed  in  the  initial  charge  process  as  com¬ 
pared  with  Ti02  microspheres,  in  consistent  with  the  analysis  of 
EIS  as  shown  in  Fig.  7.  Nyquist  plots  of  both  the  polyaniline/Ti02 
microspheres  and  Ti02  microspheres  consist  of  one  semicircle  at 
the  high  frequency  region  and  a  straight  line  at  the  low  frequency 
region.  The  semicircle  at  the  high  frequency  region  is  related  to 
the  charge-transfer  process  at  the  electrode-electrolyte  interface 
[30].  Apparently,  the  charge-transfer  resistance  (49.97  Q)  of  the 
composite  microspheres  is  much  lower  than  that  (80.74  £2)  of  Ti02 
microspheres,  indicating  a  faster  kinetic  process  and  a  good  high- 
rate  discharge  capability  of  the  composite  microspheres. 

To  better  reveal  the  high-rate  capability  and  cycle  stability  of 
the  core-shell  microspheres,  the  variation  in  discharge  capacity 
with  cycles  at  different  current  densities  is  indicated  in  Fig.  8. 
The  discharge  capacity  of  about  168.7  mAh  g-1  is  obtained  after 
10th  cycle  at  the  low  current  density  of  200  mAg-1.  When  the 
current  density  is  increased  to  2000  mAg-1,  the  large  capacity  is 
still  obtained  at  123.9  mAh  g-1.  More  importantly,  after  50  cycles 
at  varied  current  density,  the  core-shell  microspheres  still  have 
the  discharge  capacity  of  140.8  mAh  g-1  at  the  current  density 
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Fig.  8.  Cycle  performance  of  the  as-prepared  polyaniline/anatase  Ti02  microspheres 
and  Ti02  microspheres  at  different  current  densities. 


of  500  mAg-1,  almost  identical  to  the  value  in  the  20  nd  cycle. 
Therefore,  the  core-shell  microspheres  can  endure  great  changes 
of  various  low  or  high  current  densities  to  retain  good  stability 
upon  cycling,  and  this  is  a  merit  for  abuse  tolerance  of  lithium- 
ion  batteries  with  the  high  power  and  long  cycle  life  [31].  For 
the  Ti02  microspheres,  a  similar  discharge  performance  can  be 
obtained  when  the  current  density  is  below  1000  mAg-1.  How¬ 
ever,  at  the  large  current  density  of  2000  mAg-1,  the  discharge 
capability  of  the  Ti02  microspheres  is  poor  as  compared  with  that 
of  the  composite  microspheres.  In  conclusion,  the  improved  cycle 
performance  and  good  high-rate  performance  can  be  obtained  by 
loading  polyanilines  into  nanocrystalline  Ti02.  Furthermore,  the 
as-prepared  composite  microspheres  with  developed  mesopores 
has  a  competing  packing  density  of  about  0.708 gem-3,  which  is 
obviously  higher  than  commercial  Ti02  nanopowder  (P25)  [2]. 


Fig.  6.  (a)  Discharge-charge  curves  of  the  as-prepared  polyaniline/anatase  Ti02 
microspheres  (a)  and  Ti02  microspheres  (b)  at  the  current  density  of  1500  mAg-1. 


Fig.  7.  Nyquist  plots  of  the  as-prepared  polyaniline/anatase  Ti02  microspheres  and 
Ti02  microspheres  at  open-circuit  state  before  cycling. 


4.  Conclusion 

For  the  application  in  lithium-ion  batteries  with  the  high-rate 
capability,  mesoporous  polyaniline/anatase  Ti02  composite  micro¬ 
spheres  with  the  core-shell  structure  are  successfully  prepared  via 
a  facile  hydrothermal  route.  It  is  suggested  that  the  formation  of  the 
core-shell  structure  involving  a  two-step  assembly  process.  The 
as-prepared  composite  microspheres  are  favorable  for  electrode 
materials  with  the  excellent  high  rate  performance.  At  the  high  cur¬ 
rent  density  of  1 500  mA  g-1 ,  the  discharge  capacity  of  mesoporous 
polyaniline/anatase  Ti02  microspheres  with  the  core-shell  struc¬ 
ture  can  be  stably  retained  at  about  1 57.1  mAh  g-1  after  50th  cycle. 
Upon  cycling  at  various  current  densities,  the  discharge  capacity 
of  168.7, 146.9, 134.9  and  123.9  mAh  g-1  is  obtained  at  the  current 
density  of  200,  500,  1000  and  2000  mAg-1,  respectively.  The  well 
retaintion  of  the  discharge  capacity  indicates  that  the  as-prepared 
sample  can  endure  great  changes  of  various  current  densities  to 
retain  a  good  structure  and  electrochemical  stability,  and  this  is 
a  merit  for  abuse  tolerance  of  lithium-ion  batteries  with  the  high 
power  and  long  cycle  life. 
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